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LSCF  powders  with  a  specific  surface  area  of  25.2  m2  g-1  and  an  average  particle  size  of  89  nm  are  syn¬ 
thesized  by  the  polymerizable  complex  method.  The  use  of  nanocrystalline  LSCF  powders  allows  the 
fabrication  of  an  interlayer-free  nanoporous  cathode  on  top  of  an  ScSZ  electrolyte  at  a  low  temperature 
at  which  non-electrocatalytic  secondary  phases  cannot  form.  The  electrochemical  performance  of  the 
interlayer-free  cathode  depends  largely  on  the  sintering  temperature.  A  cathode  sintered  at  below  750  °C 
lacks  sufficient  mechanical  adhesion  to  the  electrolyte,  while  the  electrode  surfaces  are  locally  densified 
when  sintered  at  above  800  °C.  Impedance  spectroscopy  combined  with  microstructural  evidence  reveals 
that  the  optimum  sintering  temperature  for  LSCF  is  750  °C.  This  avoids  excess  densification  and  grain 
growth,  and  results  in  the  lowest  polarization  resistance  (0.048  Q  cm2  at  750  °C). 

©  2008  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Solid  oxide  fuel  cells  (SOFCs)  are  promising  electrical  power 
generators  due  to  their  high-energy  conversion  efficiency,  low  pol¬ 
lution  emissions,  and  highly  flexible  operation  with  various  fuels. 
Recently,  significant  effort  has  been  devoted  to  the  development  of 
intermediate-temperature  (600-800  °C)  SOFCs  (IT-SOFCs)  because 
they  facilitate  the  use  of  cheaper  component  materials  and  possi¬ 
bly  offer  long-term  stability  [1,2].  A  Lai_xSrxMny03_(5  (LSM)-YSZ 
composite  has  been  frequently  employed  as  a  high-temperature 
cathode  material  because  of  its  high  electrochemical  activity  for 
the  oxygen  reduction  reaction  and  good  stability  and  compatibility 
with  yttria-stabilized  zirconia  (YSZ)  electrolyte.  Flowever,  it  is  inap¬ 
plicable  for  IT-SOFCs  due  to  its  deteriorated  oxygen  ion  conductivity 
and  high  activation  energy  at  600-800  °C.  As  alternatives,  mixed 
ionic  electronic  conductors  (MIECs)  such  as  Lao.6Sro.4Coo.2Fco.sO3. 
Sm0.5Sr0.5CoO3,  and  Bao.5Sro.5Coo.2Feo.sO5  have  been  extensively 
investigated.  Among  these  materials,  LaxSri_xCoyFei_y03_5  (LSCF) 
possesses  a  thermal  expansion  coefficient  (TEC)  that  is  well- 
matched  with  the  zirconia-based  electrolyte  material,  a  high  con¬ 
ductivity  and  good  catalytic  activity  for  the  cathodic  reaction  [3-5]. 
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In  general,  LSCF  cathode  fabrication  involves  heat-treatment 
at  temperatures  above  900  °C  in  order  to  obtain  sufficient  con¬ 
nectivities  between  cathode  particles  and  cathode-electrolytes. 
Solid-state  reactions  may,  however,  occur  between  the  LSCF  cath¬ 
ode  and  zirconia-based  electrolytes  at  above  this  temperature  and 
form  insulating  zirconate  phases  such  as  SrZr03.  In  this  regard, 
Ceo.8Gdo.202_5  (CGO)  is  commonly  inserted  as  a  buffer  layer  in 
order  to  avoid  undesired  reactions  [6].  The  introduction  of  an  inter¬ 
layer  may  produce  complexity  in  the  cell  structure,  increases  in  the 
manufacturing  cost  and  time,  and  instability  due  to  the  TEC  mis¬ 
match  between  CGO  and  scandia-stabilized  zirconia  (ScSZ).  In  this 
regard,  it  was  recently  reported  [7,8]  that  LSCF  powders  prepared 
by  the  citrate  method  can  be  utilized  to  form  the  cathode  directly  on 
the  ScSZ  electrolyte  without  interlayers  by  sintering  below  900  °C. 

For  fabrication  of  interlayer-free  LSCF-based  cathodes,  starting 
powders  should  be  reactive  at  a  temperature  below  900  °C.  LSCF 
powder  characteristics  and  processing  conditions  determine  the 
resulting  cathode  microstructure,  which  in  turn  strongly  influences 
cell  performance.  Using  nanoparticle-based  cathode  materials  may 
allow  us  to  enlarge  the  catalytic  reaction  site.  In  particular,  entire 
electrode  surfaces  of  MIECs  can  serve  as  an  oxygen  catalytic 
reaction,  i.e.,  triple  phase  boundary  (TPB),  unlike  with  LSM/YSZ 
composite.  Therefore,  the  use  of  nanoparticles  not  only  allows  for 
a  ceria  interlayer-free  LSCF  cathode,  but  it  also  results  in  enhanced 
electrochemical  reaction  sites,  which  improve  cell  performance. 
Nevertheless,  using  smaller  powders  does  not  always  guarantee 
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a  higher  cathodic  performance  since  they  might  undergo  excess 
densification  and  coarsening  at  high  temperatures.  Thus,  optimum 
sintering  conditions  with  respect  to  the  starting  particles  is  the  key 
to  balancing  between  the  two  conflicting  factors,  namely,  porosity 
and  particle  connectivity.  In  this  work,  the  influence  of  LSCF  starting 
nanoparticle  characteristics  on  cathodic  polarization  is  investigated 
as  a  function  of  the  sintering  temperature.  This  is  of  considerable 
practical  importance. 

2.  Experimental 

The  LSCF  cathode  powders  were  prepared  by  the  Pechini-type 
polymerizable  complex  method  [9,10].  Nitrate  salts  of  La,  Sr,  Co, 
and  Fe  were  dissolved  in  water  at  a  molar  ratio  of  2.9:2:1:4 
(La0.58Sr0.4Coo.2  Feo.803_5).  Then,  ethylene  glycol  and  citric  acid 
were  added  to  bind  the  metal  cations.  After  a  polymerization  reac¬ 
tion  at  100  °C,  the  polymer  gel  was  charred  at  400  °C  to  remove 
organics  and  nitrates.  To  synthesize  crystalline  LSCF  particles  with 
varying  particle  sizes,  the  charred  gel  was  calcined  for  4  h  at  temper¬ 
atures  that  ranged  between  700  °C  (denoted  LSCF700)  and  1000  °C 
(denoted  LSCF1000).  The  particle  size  was  determined  with  a 
laser  scattering  particle  size  analyzer  (Nanotrac  150,  Microtrac  Inc., 
Montgomeryville,  PA,  USA).  The  Brunauer-Emmett-Teller  (BET, 
Micromeritics  ASAP2010)  gas  adsorption  technique,  X-ray  diffrac¬ 
tion  (XRD,  Rigaku  D/max-Rint2100)  and  field  emission  scanning 
electron  microscopy  (FE-SEM,  FEG  XL  30,  FEI)  were  used  to  charac¬ 
terize  the  synthesized  LSCF  powders.  The  densification  behaviour 
of  the  LSCF  powders  prepared  by  different  calcination  temperatures 
was  analyzed  with  a  dilatometer  (DIL402C,  NETZSCFI). 

An  electrolyte-supported  symmetric  LSCF/ScSZ/LSCF  cell  was 
fabricated.  First,  commercially  available  ScSZ  powders  (89mol% 
ZrO2-10mol%  SC2O3-I  mol%  AI2O3,  AGC  Seimi  Chemical  Co.  Ltd., 
Japan)  were  pressed  into  a  pellet  and  sintered  at  1400  °C  for  4h 
in  air.  An  ScSZ  disk  with  a  diameter  of  25  mm  and  a  thickness  of 
0.5  mm  was  obtained.  An  LSCF  cathode  layer  was  deposited  on  both 
sides  of  the  SCSZ  electrolyte  by  screen-printing  using  paste  mate¬ 
rials  that  were  a  mixture  of  the  powders  and  additives  dispersed 
in  an  organic  solvent,  followed  by  firing  for  2  h  at  temperatures 
between  700  and  1000  °C.  After  sintering,  a  platinum  mesh  con¬ 
nected  to  a  platinum  wire  was  attached  to  the  cathode  layer  for 
current-collection  by  means  of  platinum  paste.  The  area  of  the 
applied  cathode  was  1.4  cm2  and  the  thickness  was  about  10  p,m. 

The  cell  microstructure  was  investigated  by  means  of  FE- 
SEM.  XRD  was  used  to  determine  whether  chemical  reactions 
occur  when  the  LSCF800-ScSZ  composite  (1:1  in  a  weight  ratio) 
is  subjected  to  firing  at  varying  temperatures  (800-1100  °C).  An 
electron  probe  micro-analyzer  (EPMA,  EPMA1600,  SHIMADZU) 
was  also  employed  to  analyze  chemical  reactions  at  the  interface 
between  LSCF  and  ScSZ,  when  sintered  in  the  temperature  range  of 
700-900 °C.  Electrochemical  impedance  measurements  were  per¬ 
formed  on  the  symmetrical  cells  at  various  partial  oxygen  pressures 
using  a  Solatron  SI  1260/1287  instrument.  Impedance  spectra  were 
obtained  over  a  frequency  range  from  lOOkFIz  to  0.1  FIz  with  an 
ac  voltage  of  20  mV  at  temperatures  ranging  from  600  to  750  °C  in 
50  °C  intervals. 

3.  Results  and  discussion 

Well-distributed  nano-sized  LSCF  powders  were  synthesized 
by  the  Pechini-type  polymerizable  complex  technique.  Laser 
scattering  investigations  reveal  that  the  calcination  temperature 
influences  the  particle  size  of  the  LSCF  powders.  The  average  sizes 
of  LSCF700  and  LSCF1000  were  determined  to  be  88.7  and  385  nm, 
respectively,  as  shown  in  Table  1.  The  method  produced  much 
smaller  LSCF  powders  than  other  synthesis  routes,  even  when  cal¬ 


lable  1 

Surface  area  and  particle  size  of  synthesized  LCSF  powder  as  function  of  calcination 
temperature. 


cined  at  the  same  temperature.  For  instance,  the  mean  size  of  LSCF 
powder  prepared  by  a  citrate  method  at  1000  °C  was  reported  to  be 
550-660  nm  [8].  The  surface  area  of  the  LSCF  powders  was  also  sig¬ 
nificantly  influenced  by  the  calcination  temperature ;  it  ranged  from 
25.2  m2g-1  at  700  °C  to  1.73  m2g“1  at  1000  °C  (see  Table  1).  The 
different  particle  characteristics  of  the  LSCF  powders  will  also  influ¬ 
ence  the  optimum  firing  temperature  and  the  resulting  sintered 
microstructure  of  the  cathode. 

Besides  the  physical  characteristics,  the  phase  purity  and  the 
crystallinity  of  the  particles  are  also  important  factors  for  perovskite 
cathode  materials.  Fig.  la  shows  XRD  patterns  as  a  function  of  the 
calcination  temperature.  All  the  synthesized  LSCF  powders  that 
were  calcined  above  700  °C  exhibit  a  crystalline  phase  with  a  rhom- 
bohedral  perovskite  structure  and  no  impurity  phase,  while  other 
synthesis  methods  require  at  least  800  °C  to  prepare  phase-pure 
LSCF  [11].  The  chemical  stability  between  the  LSCF  and  ScSZ  was 
also  investigated  by  XRD  analysis  in  order  to  determine  the  maxi¬ 
mum  sintering  temperature  for  the  formation  of  an  interlayer-free 
LSCF  cathode  on  ScSZ  electrolytes.  Apart  from  LSCF  and  ScSZ,  there 
are  no  other  phases  in  the  samples  sintered  below  800  °C.  By  con- 
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Fig.  1.  X-ray  diffraction  patterns:  (a)  crystallization  behaviour  of  Pechini  method- 
derived  LSCF  powders  as  function  of  calcination  temperature:  (b)  mixture  of  LSCF 
and  ScSZ  powders  fired  at  varying  temperatures. 
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trast,  secondary  phases  such  as  SrZr03  and  La2Zr207  are  observed 
in  samples  sintered  above  1000  °C.  This  implies  that  an  interlayer 
between  the  LSCF  cathode  and  ScSZ  electrolyte  is  necessary  to  pre¬ 
vent  the  formation  of  non-electrocatalytic  secondary  phases.  It  also 
indicates  that  firing  below  900  °C  may  enable  the  fabrication  of  an 
interlayer-free  LSCF  cathode/ScSZ  electrode  structure  as  long  as  the 
LSCF  undergoes  sufficient  densification  at  such  a  low  temperature. 

The  densification  behaviour  of  LSCF  powders  prepared  by  differ¬ 
ent  calcination  temperatures  is  illustrated  in  Fig.  2.  The  shrinkage 
onset  temperature  varies  depending  on  the  physical  characteristics 
of  the  LSCF.  Shrinkage  of  a  bar  sample  made  with  the  smallest  size 
(LSCF700)  starts  at  ~550  °C  but  ceases  at  ~900  °C,  whereas  LSCF800 
undergoes  densification  at  ~630°C  that  is  completed  at  ~1000°C. 
Samples  with  larger  sizes  (LSCF900  and  LSCF1000)  begin  to  shrink 
at  ~810  °C.  These  findings  mean  that  a  nano-sized  powder  calcined 
at  a  lower  temperature  has  a  higher  sintering  activity  than  a  larger 
powder.  Due  to  the  similar  initial  packing  densities  of  the  bar  sam¬ 
ples  made  of  these  powders,  the  linear  shrinkages  are  all  nearly 
9.21%.  The  dilatometer  results  clearly  show  that  fabrication  of  a 
cathode  using  both  LSCF700  and  LSCF800  powders  is  possible. 

Polarization  resistances  for  cathodes  made  of  either  LSCF700 
or  LSCF800  are  presented  in  Fig.  3a.  The  area  specific  resistance 
( ASR)  of  the  electrode  polarization  is  lower  for  the  cathode  prepared 
with  a  smaller  particle  size  (LSCF700)  over  the  entire  temperature 
range  (600-750  °C).  The  area  specific  resistance  is  0.125  £2  cm2  at 
700  °C  for  LSCF700  and  0.18  £2  cm2  for  LSCF800.  The  surface  area 
of  the  LSCF700  starting  powders  is  approximately  twise  that  of  the 
LSCF800.  A  difference  in  the  ASR  is  more  noticeable  in  the  low  tem¬ 
perature  range  (600-650  °C),  possibly  indicating  that  a  nano-sized 
starting  powder  would  be  beneficial  for  the  fabrication  of  IT-SOFC 
cathodes. 

Nanopowders  with  a  large  surface  area  may  prove  unstable  at 
elevated  temperatures.  The  usual  operational  temperature  for  IT- 
SOFCs  is  too  close  to  the  calcination  and  processing  temperatures  of 
the  LSCF700  cathode  sintered  at  700  °C.  While  the  initial  cathodic 
performance  may  be  superior,  it  is  likely  that  there  will  be  poor 
long-term  stability  due  to  significant  grain  growth  of  nanopowders 
and  densification  of  the  porous  electrode  [12,13].  Furthermore,  the 
adhesion  strength  between  the  electrode  and  the  electrolyte  will 
not  be  sufficiently  strong  to  withstand  thermocyclic  stress  during 
operation.  We  actually  found  that  the  LSCF700  cathode  layer  has 
become  partially  detached  after  testing.  As  a  result,  the  LSCF700 
powders  were  excluded  from  further  studies. 

The  sintering  temperature  affects  the  microstructure  of  the  elec¬ 
trode,  its  adhesion  to  the  electrolyte,  and  the  reactivity  between  the 


Fig.  3.  Polarization  resistance  (Kp)  of  interlayer-free  LSCF  cathodes:  (a)  as  function 
of  calcination  temperature:  (b)  LSCF800  cathode  measured  over  temperature  range 
of  600-750  °C;  (c)  LSCF800  cathode  measured  at  750  °C  as  function  of  sintering 
temperature. 


LSCF  cathode  and  ScSZ  electrolyte.  The  cathode  performance  of  a 
symmetric  cell  LSCF800/ScSZ/LSCF800  as  a  function  of  sintering 
temperature  is  shown  in  Fig.  3b.  The  cell  with  a  cathode  sintered 
at  750  °C  gives  the  best  performance,  i.e.,  ~0.048  £2  cm2  at  750  °C. 
To  the  best  of  our  knowledge,  this  is  the  lowest  ASR  associated 
with  an  LSCF  cathode  yet  to  be  reported  [14].  The  ionic  conduc¬ 
tivity  and  catalytic  activity  of  a  single-phase  LSCF  cathode  decrease 
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(a)700°C  (b)750°C  (c)800°C  (d)850°C  (e)900°C 

Fig.  4.  EPMA  compositional  mapping  data  for  Sc,  Sr,  La  and  Zr  elements  obtained  from  cross-section  of  LSCF|ScSZ  interface  fired  at  different  temperatures:  (a)  700 °C,  (b) 
750  °C,  (c)  800  °C,  (d)  850  °C  and  (e)  900  °C.  Scanned  area  is  18.1  p,m  in  width  and  5  p,m  in  height. 


exponentially  with  decreasing  temperature,  so  that  the  polariza¬ 
tion  resistance  sharply  increases  as  the  temperature  goes  down.  It 
has  been  reported  that  the  polarization  resistance  can  be  reduced 
further  by  utilizing  either  a  LSCF-SDC  or  LSCF-GDC  composite  cath¬ 
ode  [15,16]. 

The  polarization  resistance  of  a  LSCF800  cathode  on  a  ScSZ 
electrolyte  measured  at  700  °C  is  given  in  Fig.  3c  as  a  function 


of  sintering  temperature.  The  resistance  remains  low  at  temper¬ 
atures  between  700  and  800  °C  and  then  increases  rapidly  above 
800  °C.  The  minimum  ASR  (~0.18  £2  cm2 )  is  observed  when  the  sin¬ 
tering  temperature  is  750  °C.  Cathodic  performance  degradation 
above  800 °C  can  be  attributed  either  to  physical  variation  (i.e., 
reduced  reaction  sites  induced  by  grain  growth  and/or  densifica- 
tion)  or  to  chemical  changes  (i.e.,  formation  of  non-electrocatalytic 


Fig.  5.  SEM  images  of  LSCF800  cathode  at  different  temperatures:  (a)  700  °C,  (b)  750  °C,  (c)  800  °C,  (d)  850  °C,  and  (e)  900  °C.  Scale  bars  represent  5  p,m. 
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secondary  phases  at  the  interface).  Although  the  secondary  phase 
is  not  detected  by  XRD  when  sintered  below  900  °C,  we  tried  to 
determine  the  spatial  distributions  of  La,  Sr,  Sc,  and  Zr  elements 
across  the  LSCF|ScSZ  interface  by  EMPA  compositional  mapping. 
As  shown  in  Fig.  4,  the  LSCF|ScSZ  maintains  a  clear  compositional 
boundary  and  none  of  the  metal  cations  diffuses  across  the  inter¬ 
face  to  form  electrochemically  inactive  La-  or  Sr-zirconia  phases. 
This  result  clearly  excludes  the  possibility  of  a  chemical  change 
explaining  the  cathodic  performance  degradation  that  occurs  with 
sintering  above  800  °C. 

The  cross-sectional  microstructures  of  the  LSCF  electrode  on 
the  ScSZ  electrolyte  as  a  function  of  sintering  temperature  are 
presented  in  Fig.  5.  The  cathode  microstructure  is  significantly 
influenced  by  the  sintering  temperature.  Uniform  nanoporous  elec¬ 
trode  structures  firmly  adher  to  the  electrolyte  when  sintered  at 
a  temperature  between  700  and  800  °C.  By  contrast,  an  electrode 
sintered  at  850  °C  experiences  local  densification,  as  illustrated  by 
Fig.  5d.  In  particular,  the  surface  region  of  the  electrode  is  signif¬ 
icantly  densified  without  the  constraint  of  an  underlying  dense 
electrolyte  (Fig.  5e).  This  surface  dense  layer  can  limit  the  electro¬ 
chemical  reaction  sites  and  prevent  oxygen  from  diffusing  through 
the  electrode.  Microstructural  observations  clearly  reveal  that  the 
variation  in  the  polarization  resistance  as  a  function  of  sintering 
temperature  is  due  to  physical  changes  in  the  electrode  microstruc¬ 
ture. 

For  quantitative  analysis,  impedance  spectroscopy  was  utilized 
to  analyze  LSCF  cathode  performance.  It  has  been  reported  [17,18] 
that  the  impedance  spectrum  of  a  composite  cathode  can  be  divided 
into  two  different  arcs,  denoted  resistance  A  (RA  at  high  frequency) 
and  resistance  B  (ftB  at  low  frequency),  each  of  which  represents 
a  dominant  electrode  kinetic  process  [17,18].  Resistance  A  can  be 
influenced  by  the  transport  of  oxygen  ions  through  the  LSCF.  In 
other  words,  the  magnitude  of  RA  relates  to  the  phase  interconnec¬ 
tivity  between  the  LSCF  powders.  Resistance  B,  characterized  by  a 
strong  oxygen  pressure  dependence,  is  presumably  associated  with 
the  charge-transfer  process  that  occurs  at  the  reaction  site.  Thus,  ftB 
mainly  reflects  electrochemical  oxygen  reduction  on  the  cathode, 
which  is  a  strong  function  of  the  reaction  site  density.  Impedance 
analysis  as  a  function  of  oxygen  partial  pressure  provides  a  bet¬ 
ter  understanding  of  the  electrode  polarization  mechanism  with 
respect  to  its  microstructure  variation. 

The  impedance  spectra  of  LSCF  cathode  measured  at  700  °C 
at  both  0.21  and  1.0  atm  Pq2  are  illustrated  in  Fig.  6a.  Impedance 
spectra  for  the  MIECs  could  not  be  clearly  divided  into  two  pri¬ 
mary  arcs.  The  use  of  a  different  plot  in  which  the  difference  in 
the  derivative  of  the  spectrum  with  respect  to  the  frequency  (f) 
obtained  between  a  specific  and  reference  oxygen  partial  pressure 
(i.e.,  AOZreal/31og/)  =  (dZ^po2/d\ogf)  -  (az™o2/aiog/)  is 
plotted  against  log/ has  been  suggested  [19,20].  Such  a  graphi¬ 
cal  representation  allows  determination  of  the  frequency  at  which 
the  resistance  variation  is  most  marked  as  a  function  of  the  oxy¬ 
gen  partial  pressure,  as  shown  in  Fig.  6b.  The  relative  difference 
in  the  derivative  of  the  resistance  changes  from  a  positive  devia¬ 
tion  to  a  negative  deviation  at/=79.4FIz.  It  reaches  a  maximum 
value  at  a  nearly  constant  frequency  of  25.1  Hz,  regardless  of  Po2, 
which  is  characterized  by  a  summit  frequency  (fUM )  for  the  resis¬ 
tance  B  arc  at  a  low-frequency  region.  The  summit  frequency  for 
the  resistance  A  arc  in  the  high-frequency  region  is  630.7  Hz,  as 
determined  using  an  equivalent  circuit  model.  The  fitted  spec¬ 
trum  is  composed  of  two  separated  arcs  located  at  the  low  and 
high  summit  frequencies  and  is  well-matched  with  the  experi¬ 
mentally  obtained  spectrum  of  the  LCSF  cathode  (the  red  line 
in  Fig.  6a).  Thus,  the  sintering  temperature  induced  variations 
of  the  electrode  polarization  can  be  understood  via  impedance 
analysis. 


Fig.  6.  (a)  Nyquist  plot  of  impedance  of  LSCF800  cathode  sintered  at  800  °C  mea¬ 
sured  at  700  °C  in  air  (squares)  and  in  oxygen  (circles),  and  deconvoluted  arcs, 
(b)  Difference  plot  of  A(3Zreai/31og/)  =  (3Z*^[mPo2  /31og/)  -  (dZ^™p°2  /31og/) 
against  log(/). 

The  interfacial  polarization  resistances  separated  into  the  RA  and 
PB  processes  for  symmetrical  cells  are  given  in  Fig.  7  as  a  function 
of  the  sintering  temperature.  The  RA  values  are  nearly  indepen¬ 
dent  of  the  sintering  temperature,  except  for  sintering  at  900  °C. 
On  the  other  hand,  the  PB  values  sharply  increase  as  the  sintering 
temperature  is  raised  from  800  to  900  °C.  This  indicates  that  the 
cathode  degradation  mechanism  as  a  function  of  the  sintering  tem¬ 
perature  is  due  to  decreases  in  the  electrocatalytic  site  (TPB)  density 
associated  with  the  cathode,  which  is  strongly  influenced  by  phys- 


Sintering  temperaure  (°C) 

Fig.  7.  Polarization  resistance  of  process  A  ( RA )  and  process  B  (flB)  as  a  function  of 
sintering  temperature.  Impedance  spectra  obtained  in  air  using  symmetrical  cells 
and  deconvoluted  into  two  arcs  using /|UM  and/|UM  determined  in  Fig.  6a. 
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ical  microstructure  variation,  as  shown  in  Fig.  5.  Nanosized  LSCF 
powders  need  to  be  sintered  at  the  optimum  temperature  (750  °C). 
Otherwise,  over-densification  and  excess  grain  growth  lead  to  a  loss 
of  catalytic  activity  of  the  electrode  as  a  result  of  the  reduced  surface 
reaction  sites. 

4.  Conclusions 

An  interlayer-free  LSCF  cathode  on  top  of  an  ScSZ  electrolyte 
has  been  fabricated.  The  use  of  nanocrystalline  LSCF  powders 
enables  the  fabrication  of  a  high-performance  cathode  with  lower 
interfacial  resistance  and  without  the  introduction  of  a  GDC  or 
SDC  interlayer.  The  polarization  resistance  of  the  LSCF  cathode  is 
0.048  £2  cm2  at  750  °C,  which  is  the  lowest  value  so  far  reported 
in  the  literature.  Nanoporous  cathodes  that  adher  to  the  elec¬ 
trolyte  are  obtained  from  Pechini  method-derived  highly  active 
LSCF  nanopowders  at  temperatures  low  enough  to  prevent  the  for¬ 
mation  of  a  non-electrocatalytic  secondary  phase  at  the  LSCF|ScSZ 
interface.  The  electrochemical  performance  of  the  interlayer-free 
cathode  depends  largely  on  the  sintering  temperature.  An  optimum 
sintering  temperature  of  750  °C  is  chosen  in  order  to  avoid  excess 
densification  and  grain  growth,  which  adversely  affect  cathode  per¬ 
formance.  Impedance  analysis,  in  conjunction  with  microstructural 
and  compositional  mapping  analyses,  reveal  that  the  dependence  of 
the  interlayer-free  LCSF  cathode  on  the  sintering  temperature  cor¬ 
responds  mainly  to  variation  of  the  electrochemical  reaction  sites 
upon  sintering. 
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